Introduction
Apoptosis, a mechanism of programmed cell death, is strictly linked to the pathogenesis of many human diseases, including neoplastic, neurodegenerative or cardiovascular diseases (1) . It usually occurs through extrinsic or intrinsic apoptotic pathways. The latter is assumed to initiate in the mitochondria, which has been suggested to play a key role in the induction of apoptosis in several cell types (2, 3) . Alterations of mitochondrial architecture, membrane potential, and oxidative capacity are directly elicited when the cell receives injury or stress stimulation. To maintain mitochondrial function, membrane potential may have a dramatic influence on cardiomyocyte energy production and ultimately the survival of an individual cell (4) . A major player in this process is the mitochondrial permeability transition pore (mPTP), which is located at the contact sites between the inner and outer mitochondrial membranes (OMMs). Opening of the mPTP is most likely regulated by members of the B cell lymphoma/leukemia-2 (Bcl-2) family. The different anti-and pro-apoptotic members of this family form a highly selective network of functional interactions that involves the permeabilization of the mitochondrial membrane and results in the release of pro-apoptotic factors such as cytochrome c from the mitochondria, followed by a caspase-mediated effector phase (3, 5, 6) .
Anticancer chemotherapies mainly exert their elimination of cancer cells by apoptotic process. Tubeimoside I (TBMS1), a bisdesmosidic triterpenoid saponin isolated from Bolbostemma paniculatum (Maxim) Franquet (Cucurbitaceae), has sugar chains that are connected with 3-hydroxy-3-methylglutaric acid to form a unique macrocyclic structure ( Fig. 1) (7) .
Cytotoxicity of tubeimoside I in human choriocarcinoma JEG-3 cells by induction of cytochrome c release and apoptosis via the mitochondrial-related signaling pathway
Previous studies demonstrated that TBMS1 exhibits a variety of biological activities including potent antitumor properties in a variety of cancer types (8, 9) , including human low differentiated nasopharyngeal carcinoma (CNE-2Z) cells (10) , human promyelocytic leukemia (HL-60) cells (11) and human uterine cervix cancer (HeLa) cells (12) . These anticancer activities of TBMS1 have been linked to its ability to directly trigger mitochondrial membrane permeabilization. However, the detailed mechanisms and intracellular targets of TBMS1 in inducing cell death remain to be elucidated. Whether or not TBMS1 is effective on choriocarcinoma is still unknown.
To determine whether TBMS1-induced apoptosis in choriocarcinoma cells is mediated through the mitochondria dysfunction pathway, we chose the human choriocarcinoma cell line JEG-3 as an in vitro model to explore the effects of TBMS1 on choriocarcinoma cell growth and apoptosis. Our findings suggest, for the first time, that TBMS1 is an efficient apoptotic agent against choriocarcinoma cells, which is, at least partly, mediated by attenuating nuclear factor-κ-B (NF-κB) activation and translocation through p38 mitogen-activated protein kinase (p38/MAPK), extracellular signal-regulated kinases (ERK)1/2 and PI3K/protein kinase B (Akt) pathways, breaking the balance of Bcl-2 associated X protein (Bax)/ Bcl-2 and aggravating mitochondrial dysfunction. Thus, mitochondrion-targeted agents such as TBMS1 hold great promise as novel approaches to treat human cancers.
Materials and methods
Chemicals and reagents. Dulbecco's modified Eagle's medium (high glucose) and fetal bovine serum were purchased from Gibco (Grand Island, NY, USA). The anti-cytochrome c, antiBcl-2, anti-Bax, anti-caspase-3 and anti-β-actin monoclonal antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). The anti-ERK1/2, anti-p-ERK1/2, anti-p38, anti-p-p38, anti-Akt, anti-p-Akt and anti-NF-κB p65 monoclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA Cell lines and culture conditions. The JEG-3 cell line was maintained in DMEM (high glucose) supplemented with heat-inactivated 10% fetal bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin in a humidified atmosphere of 5% CO 2 at 37˚C. Exponentially growing cells were used for all the experiments.
Cell viability measurement. Cell viability was assessed by the MTT assay (13) . Briefly, JEG-3 cells were seeded in 96-well plates (7.5x10 3 cells/well) and treated with different concentrations of TBMS1 for 24 h. After treatment, cells were washed with PBS and incubated with MTT (5 mg/ml) in culture medium at 37˚C for another 3 h. After that, the formazan blue, which formed in cells, was solubilized in 100 µl of dimethylsulphoxide (DMSO). The absorption values were measured at a wavelength of 490 nm using a Sunrise Remote Microplate Reader (Grodig, Austria). The viability of JEG-3 cells in each well was presented as the percentage of control cells.
Flow cytometric evaluation of apoptosis. JEG-3 cells growing in 25-cm 2 culture flasks were harvested, washed and doublestained by using an Annexin V-FITC apoptosis detection kit. Annexin V has a strong, Ca 2+ -dependent affinity for phosphatidylserine (PS), which translocates from the internal to the external surface of the plasma membrane as a probe for detecting apoptosis (14) . Cells that have loss of membrane integrity will show red staining (propidium iodide, PI) throughout the nucleus and therefore will be easily distinguished between the early apoptotic, late apoptotic, or necrotic cells. Samples were incubated at room temperature for 15 min in the dark with Annexin V and PI and quantitatively analyzed by a FACSVantage SE flow cytometer.
Flow cytometry for cell cycle analysis. JEG-3 cells growing in 25-cm 2 culture flasks were harvested, washed and fixed with ice-cold alcohol (75%) for more than 24 h. After being washed twice more, cells were incubated with PBS (pH 7.4), containing RNase (5 units) and PI (50 µg/ml), for 15 min at 37˚C. Flow cytometry was performed using a FACSVantage SE flow cytometer. Confocal fluorescence microscopy. Single-cell observations using a confocal fluorescence microscope with an argon-ion laser and a He-Cd laser were performed by the following procedure. Briefly, cells were cultured in culture dishes to 50% confluence. Upon the completion of drug treatment, cells were washed with ice-cold PBS and fixed in PBS-buffered 4% paraformaldehyde at room temperature for 20 min, followed by the incubation with 0.3% Triton X-100 in PBS for 20 min. Then, cells were blocked with 10% goat serum for 10 min and incubated overnight with the rabbit anti-cytochrome c monoclonal antibodies at 4˚C. Thereafter, the cells were washed with PBS and incubated with fluorescein isothiocyanate (FITC)-labeled rabbit IgG for 1 h. Finally, cells were washed with PBS and incubated with JC-1 (20 µg/ml) for 20 min, then observed under a confocal fluorescence-microscope system (MRC-600, Bio-Rad) with an inverted epifluorescence microscope (Nikon TMD-EFQ). JEG-3 cells were excited at a wavelength of 488 nm for cytochrome c or a wavelength of 543 nm for JC-1.
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NF-κB reporter assays. JEG-3 cells (6x10 4 ) were plated in 24-well plates and transfected for 4 h with the NF-κB plasmid (500 ng, with firefly luciferase) and the pRL-TK plasmid (300 ng, with Renilla luciferase used as internal control for transfection efficiency) using Lipofectamine reagent (Invitrogen). Twenty-four hours after transfection, cells were exposed to TBMS1 (6 µM) for an additional 24 h. Luciferase activity was determined using protocols and reagents from Promega. Luciferase activities were calculated and represented as Firefly/Renilla (relative luciferase activity).
Preparations of RNA extraction and reverse transcriptionpolymerase chain reaction (RT-PCR).
Total-RNA was extracted from 1x10 6 cells according to the manufacturer's instructions (15) . Reverse transcription was carried out in 10 µl of the reaction mixture containing 1 µg of total-RNA, 25 pmol of oligo(dt) primer, 10 nmol of dNTP mixture, 20 units of RNase inhibitor and 2.5 units of AMV reverse transcriptase (Bioer, Hangzhou, China) at 42˚C for 1 h. PCR amplification was performed in 20 µl of PCR reaction mixture containing 1 µl of the cDNA reaction mixture, 10 nmol of the dNTP mixture, 10 pmol of the upstream and downstream primers and 2 units of BioReady rTaq polymerase (Bioer). The PCR amplification method to detect differences among the samples was set as follows: 4 min at 94˚C for initial denaturation; 35 cycles x 1 min at 94˚C, 45 sec at 53˚C and 50 sec at 72˚C for Bcl-2; 30 cycles x 1 min at 94˚C, 45 sec at 52˚C, and 1 min at 72˚C for Bax; and 30 cycles x 30 sec at 94˚C, 30 sec at 54˚C, and 1 min at 72˚C for GAPDH. The primers used for PCR were as follows: Bcl-2 (200 bp): forward, 5'-GAA GGA ATG TTG CAT GAG TCG GAT C-3' and reverse, 5'-AAG GGA ACT GCG GAT GTA AAG ATC C-3'; Bax (146 bp): forward, 5'-TTT TGC TTC AGG GTT TCA TC-3' and reverse, 5'-GTT CTT CGA CTC GCT CAC AG-3'; GAPDH (230 bp): forward, 5'-GTG GAA TCA TAT TGG AAC ATG T-3' and reverse, 5'-CTC TCT GCT CCT CCT GTT CGA CAG-3'. For the analysis of PCR products, 5 µl of PCR products from each sample were electrophoresed on a 1.5% agarose gel containing 0.1 µg/ml dye (GoldView, SBS Genetech, Beijing, China). Gels were visualized and photographed by a Gel-Doc image analyzer (Bio-Rad, Hercules, CA, USA). The housekeeping gene GAPDH was used for normalization to evaluate relative changes in the mRNA expression levels of the examined genes, and the band intensity was analyzed with the ImageJ system (NIH, USA).
Preparation of nuclear extracts and Western blot analysis.
JEG-3 cells were washed twice with ice-cold PBS and scraped into 1 ml of the same buffer. After centrifugation at 1,000 x g, the cell pellet was suspended in ice-cold hypotonic lysis buffer (10 mM HEPES pH 7.9, 0.2 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulphonylfluoride), vortexed for 10 sec and then centrifuged at 12,000 x g for 5 min. The packed cells were suspended in ice-cold hypotonic lysis buffer in the presence of 50 µl of 10% Nonidet P-40 and then kept on ice for 25 min. The nuclear fraction was precipitated by centrifugation at 12,000 x g for 15 min. The supernatants, corresponding to the cytosolic fraction, were transferred into fresh tubes and assayed for protein content by the Bradford method (Bradford, 1976). The nuclei pellet was resuspended in 70 µl of low-salt extraction buffer (20 mM HEPES pH 7.9, 20 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, 0.2 mM phenylmethylsulphonylfluoride, 0.5 mM dithothreitol) and added to an equal volume of high-salt extraction buffer (20 mM HEPES pH 7.9, 80 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, 0.2 mM phenylmethylsulphonylfluoride, 0.5 mM dithothreitol) in a dropwise fashion, and then incubated under continuous shaking at 4˚C for 45 min. The sample was centrifuged for 20 min at 12,000 x g. The nuclear extract was aliquoted and stored at -80˚C. Then, 50 µg of protein were loaded per lane onto 12-15% SDS-polyacrylamide gels. The proteins were separated and transferred to 0.45 or 0.22 µm polyvinylidene fluoride membranes. Membranes were blocked with 5% skim milk in PBS with 0.1% Tween-20 (PBST) for 1 h. Primary antibodies against human NF-κB, p38, p-p38, ERK1/2, p-ERK1/2, Akt, p-Akt, caspase-3, Bcl-2, Bax and β-actin in PBST were incubated with the membranes overnight at 4˚C. The membranes were then washed in PBST thrice and incubated with HRP-conjugated secondary antibodies for 1 h. After the final wash, protein bands were developed using enhanced chemiluminescence reagents, and densitometric analysis was performed using the PDI Imageware System (Bio-Rad).
Statistics. Statistical analyses were performed using the SPSS 10.0 package (SPSS Inc., Chicago, IL, USA). Data were expressed as the mean ± S.D. of 3-5 independent experiments. ANOVA and Student's t-test were performed to determine the statistical significance. Differences between groups were considered to be significant at P<0.05 or P<0.01.
Results

TBMS1 induced apoptosis in JEG-3 cells.
The growth inhibition of JEG-3 cells by TBMS1 was observed by the MTT assay following treatment of different doses of TBMS1 for the times indicated. As shown in Fig. 2A , gradual losses of cell viability were observed with increased concentrations of TBMS1, and the estimated IC 50 value was 8.5 µM after 24 h of treatment.
The results indicated that TBMS1 displays strong growth inhibition of JEG-3 cells in a dose-dependent manner. Whether the proliferation inhibition induced by TBMS1 in JEG-3 cells is associated with apoptosis or cell lysis is still not clear.
In order to quantitatively assess gain insight into the proapoptotic effects of TBMS1, a display of PI vs. Annexin V-FITC fluorescence was measured by flow cytometric analysis. The appearance of cells with a high Annexin signal and a low PI signal is characteristic of early apoptosis. The progression of apoptosis results in cells with a high Annexin signal and a high PI signal characteristic of late apoptosis (secondary necrosis). In the control group, 7.6±0.9% cells excluded PI and were positive for Annexin V-FITC binding, representing apoptotic cells. After exposure to TBMS1 (3, 6 and 12 µM) for 24 h, the percentage of apoptosis increased to 8.5±0.8, 19.1±4.4 and 34.4±3.0%, respectively (Fig. 2B) . To investigate the mechanism of TBMS1 on JEG-3 cells, flow cytometry analysis was carried out to detect the changes in the cell cycle distribution. Results showed that treatment of the cells with (Fig. 2C) .
To confirm the function of TBMS1-induced apoptosis, morphological analyses of cell characteristics were observed under the fluorescence microscope by Hoechst 33342 staining. Compared to the control group (50.3±12.1%), the quantity of positive cells increased significantly (210.7±14.8%) after treatment with TBMS1 (12 µM). Accordingly, chromatin condensation and nuclear fragmentation typical for apoptosis induction were visualized (Fig. 2D) .
TBMS1 causes mitochondrial dysfunction. The development of apoptosis was shown to be associated with an increase of cytosolic Ca 2+ , which subsequently leads to mitochondrial depolarization and initiates a cell death cascade (16) (17) (18) . Whether or not the TBMS1-induced apoptosis in JEG-3 cells is regulated by the mitochondrial dysfunction pathway is not known. The involvement of the cytosolic Ca 2+ store was examined first. Cells were loaded with the calcium probe fluo-3. There was a significant increase (126.6±9.8%) in the levels of intracellular Ca 2+ in JEG-3 cells after treatment with TBMS1 compared with the untreated controls (30.1±7.1%) (Fig. 3A) .
Mitochondrial Ca 2+ overload in response to a cytosolic Ca 2+ increase is known to lead to the opening of the mPTP (PT-pore).
A sequelae and indicator of PT-pore opening is the depolarization of the mitochondrial membrane (18) . Mitochondrial membrane potential was assessed by fluorescent probe JC-1 using flow cytometry. Results showed that the mitochondrial membrane potential was reduced after 24 h of TBMS1-treatment, as assessed by the increase in fluorescence of JC-1 (4-fold higher compared to controls) (Fig. 3B) . The opening of the PT-pore and depolarization of the mitochondrial membrane induced cytochrome c release from the mitochondrial intermembraneous space into the cytosol, which is a prominent downstream manifestation of the evolution of apoptotic cell death (19) . Movement of cytochrome c was then examined by immunofluorescence using confocal microscopy. Cytochrome c is localized in the mitochondria around the nucleus in normal cells, and the fluorescence is distributed in a ring-shape (Fig. 4) . After stimulation with TBMS1, the cytochrome c fluorescence apparently diffused into the cytoplasm, which demonstrates the movement of cytochrome c induced by TBMS1. Caspase-3 normally exists as a 35 kDa inactive precursor. It is converted proteolytically into a 17 kDa active heterodimer when the cells are signaled to undergo apoptosis (20) . Caspase-3 activation was also measured by Western blot analysis. Cells in the control group showed minimal expression of active caspase-3, which was remarkably induced by TBMS1 (Fig. 5A) . All of the above indicate that the apoptosis of JEG-3 cells induced by TBMS1 was regulated by the induction of mitochondrial dysfunction, at least in part.
Effect of TBMS1 on the activation of proteins from the Bcl-2 family. The Bcl-2 family, whose members may be antiapoptotic or pro-apoptotic, regulates cell death by controlling mitochondrial membrane permeability as an arbiter of the mitochondrial apoptotic pathway (21-23) . In our study, we found that the expression of Bax was strongly up-regulated at the mRNA (4-fold > than controls) and protein levels (10-fold > than controls) in JEG-3 cells pre-treated with TBMS1 (3, 6 and 12 µM) for 24 h. In contrast, the expression of Bcl-2 was significantly down-regulated (3-fold < compared to control) ( Fig. 5B and C) . These results may suggest that the proteins of the Bcl-2 family play a critical role in TBMS1-induced mitochondrial dysfunction.
Inhibitory effects of TBMS1 on nuclear factor κB (NF-κB) translocation and activation. Recent evidence in another cellular system suggested that Bcl-2 expression may involve direct transcriptional activation through NF-κB (24) . To investigate whether a similar mechanism could be operational in choriocarcinoma JEG-3 cells, we first analyzed luciferase reporter constructs containing the NF-κB promoter, which was markedly inhibited after TBMS1 (6 µM) treatment; quantification of fluorescence data decreased to 0.7±0.2% compared with the controls (2.3±0.3%) (Fig. 5D ). In addition, we performed the NF-κB translocation experiment. The data in Fig. 5E demonstrate that, after being exposed to TBMS1 (3, 6 and 12 µM) for 24 h, NF-κB p65 proteins showed an explosive decrease in the nucleus and a pronounced increase in the cytoplasm. All data indicate that TBMS1 effectively attenuated the NF-κB activation and translocation in JEG-3 cells.
TBMS1 induced the activation of p38/MAPK and inhibition of ERK1/2 and PI3K/Akt in JEG-3 cells.
Because a pivotal role for NF-κB in the regulation of cell survival and death is suggested, recent reports have attempted to identify the upstream regulators of NF-κB to reveal the involvement of p38/MAPK, ERK1/2 and PI3K/Akt (25) (26) (27) (28) . We hypothesized that TBMS1 may modulate these signaling pathways. Employing Western blot analysis, we investigated the effect of TBMS1, for 24 h at all concentrations tested, on the levels of constitutively expressed p38/ MAPK, ERK1/2 and Akt proteins in JEG-3 cells, by Western blot analysis. We observed high levels of p38/MAPK phosphorylation (almost 160-fold higher compared with the control groups) (Fig. 5F-H) . In contrast, low levels of ERK1/2 and Akt phosphorylation (only one-sixth of that of the control groups) were presented. Therefore, we can speculate that TBMS1 may act through the p38/MAPK, ERK1/2 and PI3K/Akt pathways.
Discussion
It is a major challenge to identify new targets for anticancer drugs and the synthesis of new anticancer drugs in tumor therapy. Apoptosis, a process that removes unwanted or damaged cells, plays a pivotal role in tissue homeostasis; once disrupted, the outcome is the formation of tumors (9) . Most chemotherapy agents aim for the specific eradication of cancer cells and also result in the induction of apoptosis.
Mitochondria have not only long been known as cellular 'power plants', but are also key participants in several cell death pathways. Most tumor cells are characterized predominately by glycolytic production of ATP, which is often associated with perturbations of mitochondrial functions and resistance to cell death triggers (29) . Thus, the design of mitochondrion-targeted cytotoxic drugs may constitute a novel strategy for cancer chemotherapy. A large number of toxins, such as lonidamine, arsenite, betulinic acid and L-carnitine, inhibit the respiratory function of mitochondria and/or stimulate futile redox cycles, thereby inducing cell death (30) . TBMS1, a traditional Chinese herbal medicine isolated from the tubers of Bolbostemma paniculatum, showed antitumor-promoting effects (4, 6, 7) . It was suggested that the target of TBMS1 may be the mitochondria. However, the mechanism of TBMS1 in regulating mitochondrial malfunction and apoptosis remains unclear.
Our study revealed that the proliferation of human choriocarcinoma JEG-3 cells was markedly inhibited by TBMS1, which was implemented by cell apoptosis and cell cycle arrest. Apoptosis is characterized by cell shrinkage, membrane blebbing, nuclear pyknosis, chromatin condensation and genomic fragmentation (31), which could be observed after the nuclei were stained by Hoechst 33342. DNA replication is controlled by cyclins. For example, cyclin A is synthesized and localized in the nucleus at the onset of the S phase (32) , and the cyclin D protein is required for the G 1 phase (33). We found that TBMS1 Figure 5 . Effects of TBMS1 on the mitochondria-related signaling pathway. Cells were pre-treated with TBMS1 (3, 6 and 12 µM) for 24 h. After treatment, cells were extracted, and the mRNA level of Bcl-2 and Bax (B) were determined by RT-PCR analysis as described in the Materials and methods section. The protein levels of cleaved caspase-3 (A), Bcl-2 and Bax (C), phosphorylated p38/MAPK (p-p38) and total p38/MAPK (t-p38) (F), phosphorylated ERK1/2 (p-ERK1/2) and total ERK1/2 (t-ERK1/2) (G), and phosphorylated Akt (p-Akt) and total Akt (t-Akt) (H) were determined by Western blot analysis as described in Materials and methods. (D) Cells were co-transfected with the pNF-κB and pLR-TK luciferase reporter vectors, and then treated for 24 h with TBMS1 (6 µM). Luciferase activity was expressed as the fold-induction of respective controls. (E) Cells were pre-treated with TBMS1 (3, 6 and 12 µM) for 24 h. After treatment, nuclear (NE) and cytoplasmic (CE) fractions were analyzed for detection of NF-κB by Western blot analysis. All data are presented as histograms. Each value is the mean ± SD of three determinations. One of the key events in early apoptosis is the permeabilization of the mitochondrial membrane, which includes the permeabilization of the inner mitochondrial membrane (IMM), the OMM, or both (34) . In the case of IMM permeabilization, the principal mechanism involved is the opening of the mPTP. Once Ca 2+ is released from the ER into the cytoplasm, mitochondria take up part of the released Ca 2+ to prevent the propagation of large calcium waves (35) . To meet the increasing energy demands of the cell, physiological increases in mitochondrial Ca 2+ concentration induces increased activity of the mitochondrial respiratory chain and the synthesis of ATP. Pathological overload of calcium in the mitochondria triggers the opening of the mPTP, which leads to mitochondrial dysfunction (36) . In our study, accumulation of Ca 2+ in the cytoplasm and depolarization of the mitochondrial membrane were detected when the cells were exposed to TBMS1, which suggested that the pro-apoptotic effect of TBMS1 may be regulated by the induction of mitochondrial dysfunction. In the case of OMM permeabilization, the Bcl-2 family of cell death regulators, found as the monomeric form in the cytosol, or loosely attached to the membranes under normal conditions, plays a key role. Upon induction of apoptosis, members of the pro-apoptotic Bcl-2 family, such as monomeric Bax, translocates to the outer membrane of the mitochondria where it becomes an integral membrane protein and is crosslinkable as a homodimer. This decreases the mitochondrial membrane permeability and results in the release of mitochondrial apoptogenic factors, such as cytochrome c, to propagate the apoptotic pathway. In contrast, the anti-apoptotic factor Bcl-2 prevents the oligomerization of Bax in the OMM and pore formation (34) (35) (36) (37) (38) . Once released from the mitochondria, cytochrome c binds to the apoptosis protease activation factor (Apaf-1) and forms a complex called the 'apoptosome', which triggers the activation of caspase-3, which leads to apoptosis (39, 40) . As expected, treatment of JEG-3 cells with TBMS1 significantly increased the expression of Bax and decreased the expression of Bcl-2. In addition, multiplication of cytochrome c in the cytosol and activation of caspase-3 are also observed, which is consistent with previous reports (39, 40) .
Expression of anti-apoptotic genes (Bcl-2) is regulated by transcription factors such as NF-κB, a ubiquitous and evolutionarily conserved transcription factor, and is significantly activated in a great number of tumors (41) . NF-κB was found to up-regulate anti-apoptotic gene expression and therefore disrupted the balance between apoptosis and proliferation (42) . The most abundant form of NF-κB is the heterodimer of p50 and p65. The p65 subunit is responsible for transcriptional activity (43) . It has been reported that activated NF-κB blocks cellular apoptosis in several different cell types (42) . Upon activation, NF-κB proteins translocate from the cytoplasm into the nucleus and bind to promoters of target genes, including Bcl-2, to initiate the production of various mediators (24) . Attenuation of the NF-κB activation and translocation under the stimulation of TBMS1, as demonstrated in our study, may suggest that the inactivation of NF-κB caused the cells to be more sensitive to TBMS1; however, the details of the molecular mechanism needs to be further explored.
To elucidate the potential mechanisms leading to the inhibition of NF-κB activation by TBMS1, we explored the signaling cascades, including two distinct types of MAPKs (p38/MAPK and ERK1/2) and PI3K/Akt, which are known to act as upstream intermediates that provide a link between extracellular stimuli and NF-κB in various cell lines (28, 31, 32) . The pro-survival oncoproteins Akt (also known as PKB) and ERK1⁄2 have been found to promote cell survival through the activation of NF-κB (27) , while p38/MAPK facilitates cell apoptosis (44) . Our results suggested that the inhibition of the NF-κB pathway could be mediated by promotion of p38/MAPK phosphorylation and inhibition of ERK1/2 and Akt phosphorylation. However, future studies may be needed to determine the mechanism.
In this study, we demonstrated for the first time, to our knowledge, that TBMS1 has an antitumor effect on human choriocarcinoma cells. We also provided novel evidence to show that the mechanism of the pro-apoptotic effect of TBMS1 is mediated through the mitochondrial dysfunction pathway, which depends on the regulation of NF-κB and of proteins of the Bcl-2 family. We have also found that, in addition, TBMS1 affects the p38/MAPK, ERK1/2 and PI3K/Akt pathways (our hypothetical schematics are shown in Fig. 6 ). Considering the pronounced anti-apoptotic effects of TBMS1 on JEG-3 cells, our studies provide novel insight into the future therapeutic applications of TBMS1 in cancer treatment. 
